rhythms. We found that in response to simulated jetlag with temperature cycles, late 3 3 chronotypes (populations selected for predominant emergence during dusk) indeed re-entrain 3 4 faster than early chronotypes (populations selected for predominant emergence during dawn), 3 5 thereby indicating enhanced sensitivity of the activity/rest clock to temperature cues in these 3 6 stocks (entrainment is the synchronisation of internal rhythms to cyclic environmental time-3 7 cues). Additionally, we found that late chronotypes show higher plasticity of phases across 3 8 regimes, day-to-day stability in phases and amplitude of entrainment, all indicative of 3 9 enhanced temperature sensitive activity/rest rhythms. Our results highlight remarkably 4 0 similar organisation principles between emergence and activity/rest rhythms.
Similarly, all the flies emerging on the same days but between ZT09 and ZT13 are collected emerging throughout the day are collected to form the next generation. All adult flies are 1 3 7 maintained in Plexiglas cages with culture medium in petriplates at a roughly 1:1 sex ratio 1 3 8 and adult density of ~1500 flies per cage. On the 18 th day after the previous egg collection, flies in the cages are provided food supplemented with live yeast paste (as a protein 1 4 0 supplement) and on the 21 st day, eggs are collected in the same manner described above for ~300 eggs from each of the 12 populations were collected (as during maintenance) and 1 4 8 dispensed into 5-10 vials and maintained under standard maintenance regime. Two sets of 1 4 9 thirty two 3-5 day old virgin males were collected, and under minimal CO 2 anaesthesia were 1 5 0 transferred to 5mm locomotor tubes. These sets were then recorded using the Drosophila 1 5 1 Activity Monitor (DAM) system under warm:cold cycles, TC 12:12 (thermophase: 28 °C; 1 5 2 cryophase: 19 °C) for 4-5 cycles before simulating the jetlag. One of these sets was given a 1 5 3 6-h advance phase shift, while the other set was given a 6-h delay phase shift for 10 cycles 1 5 4 before all the flies were transferred to constant darkness at 19 °C for a few cycles to judge 1 5 5 phase control (an essential property of circadian clocks wherein phase of activity on first day 1 5 6 in constant darkness and temperature continues from the phase on last day of temperature 1 5 7 cycles). In the second batch of experiments, three sets of thirty two 3-5 day old virgin male flies were 1 5 9 collected in the same manner as described in the previous paragraph. One set each was then 1 6 0 subjected to TC 06:18, TC 12:12 and TC 18:06, under constant darkness for 7 days 1 6 1 (thermophase: 28 °C; cryophase: 19 °C). On the 8 th day, flies transitioned from TC to 1 6 2 constant cryophase of 19 °C for 6-8 days, so as to enable analyses of FRP. In the third batch of experiments, two sets of thirty two 3-5 day old virgin males were 1 6 4 collected as described above. One set was recorded under LD 12:12 (~70 lux during the 1 6 5 photophase) at 19 °C and the other at 28 °C. Both these sets were recorded under their 1 6 6 respective conditions for 7-8 days, before being transferred to DD (constant darkness) under for 6 days, so as to allow estimation of the FRP. We used FRP data of all our stocks to 1 6 9 facilitate comparisons with the experiments reported here from a previous experiment 1 7 0 performed by Lakshman Abhilash, entrained behaviour of which is published elsewhere 1 7 1 (Nikhil, Abhilash, et al., 2016) . Rates of re-entrainment: To estimate rates of re-entrainment to 6-h advance and delay, we 1 7 4 marked phases of offset for each fly on each day for all 12 populations using RhythmicAlly 1 7 5 (Abhilash and Sheeba, 2019). We then calculated the daily phase relationship as phase of 1 7 6 offset of activity -phase of offset of thermophase. For each pre-jetlag cycle, we calculated 1 7 7 the average phase relationship across flies. Then we computed the average inter-individual 1 7 8 variation in between-fly phase relationships. Subsequently, we multiplied this measure by 1 7 9
1.96 to get a 95% confidence band around the mean inter-cycle phase relationship. We did 1 8 0 this for all populations and then examined the dynamics of phase relationship change across 1 8 1 days for each fly. A fly was considered re-entrained when its phase relationship re-entered 1 8 2 the confidence band and stayed inside the band for at least two subsequent cycles. The 1 8 3 number of cycles taken for each fly to re-entrain was used as a measure of number of 1 8 4 transients taken for re-entrainment. These values were averaged across flies for obtaining 1 8 5 block means. Two separate two factor mixed model randomised block design ANOVAs 1 8 6 were used to analyse the effect of selection on number of transients taken for re-entrainment, 1 8 7 each for the 6-h advance regime and 6-h delay regime. Selection was used as a fixed factor 1 8 8 and block as a random factor. Activity profiles under TC cycles: We analysed the activity profiles for all populations under 1 9 0 TC 06:18, TC 12:12 and TC 18:06. Raw DAM data was scanned and monitor files were 1 9 1 saved in 20-min bins. These data files were analysed using RhythmicAlly (Abhilash and 1 9 2 Sheeba, 2019). Individual profiles were downloaded and were re-organised to 1-h bins. Activity counts were then averaged across flies within each block to obtain population-wise 1 9 4 profiles. As on multiple previous occasions (e.g., Nikhil et al., 2014; Srivastava et al., 2019) , We used circular r as a proxy measure of normalised amplitude (owing to its significance in 2 0 3 describing the consolidation of a peak), as has been used before (Abhilash et al., 2019) . ActogramJ (Schmid et al., 2011) . First, average actograms for each block was generated 2 0 7 using data post entrainment to their respective temperature cycles. Then a chi-squared 2 0 8 periodogram analysis was done on each population to estimate the average FRP. Then 2 0 9 activity profile was generated using modulo-FRP for each block. Amplitude was measured 2 1 0 as the maximum activity count -minimum activity count in each of these profiles. To Phases, FRP, intrinsic amplitude, amplitude and accuracy of entrainment were analysed using 2 1 6 two factor mixed model randomised block design ANOVAs, wherein selection was treated as 2 1 7 a fixed factor and block as a random factor. Activity profiles under constant ambient temperature regimes: To examine behaviour under 2 1 9 LD 12:12 at different constant ambient temperatures, average profiles were obtained as 2 2 0 described above. Using the population-wise profile data we calculated a ratio of total activity 2 2 1 during the day to the total activity during the night for each population (day/night ratio). populations. For this, we used the 1-h binned activity profiles and computed difference in 2 2 5 activity level at each time-point between two temperatures. This difference was squared and 2 2 6 the sum of these squared differences (SSD) across the entire cycle was calculated as a 2 2 7 measure of deviance of rhythm waveform in the two temperatures. From the 1-h binned 2 2 8 profiles, we also computed total activity in a morning window (ZT01-06) and an evening 2 2 9 window (ZT06-11) to assess the individual contributions of morning and evening bouts of 2 3 0 activity to potential differences in temperature sensitivity. FRP for all these flies under 2 3 1 constant darkness at 19 and 28 °C were assessed in RhythmicAlly (Abhilash and Sheeba, The day/night ratio, total morning, total evening activity counts and FRP post entrainment to 2 3 5 LD cycles under different temperatures were analysed using three-factor mixed model 2 3 6 randomised block design ANOVAs using block means. In these ANOVAs selection and 2 3 7 temperature were treated as fixed factors and block was treated as a random factor. The SSD 2 3 8 values were analysed using a two-factor mixed model randomised block design ANOVA 2 3 9
wherein selection was used as a fixed factor and block was used as a random factor. presented TC and were transferred to DD at 19 °C. We found that there was no statistically Results from both previous sections were suggestive of between-stock differences in phase-2 9 3 dependent sensitivity of the circadian clock to temperature, typically characterised by a 2 9 4 phase-response curve (PRC). Therefore, we further analysed other predictions under the 2 9 5 assumption of divergent temperature PRCs of the early and late stocks . Previous studies have linked divergent PRCs to differences in intrinsic amplitude of the , 2006) . We examined these properties in flies that were exposed to TC and subsequently 3 0 1 placed in DD. Firstly, we found that the late stocks had significantly higher amplitude of Further, there was no significant between-stock difference in intrinsic amplitude under DD to TC 12:12 (F 2,6 = 9.86, p < 0.05; Fig. 3B-middle) . These results imply higher amplitude 3 1 0 expansion of the late stocks under specific TC regimes, thereby suggesting stronger 3 1 1 temperature sensitivity in these stocks. We reasoned that periodogram power during 3 1 2 1 4 entrainment could provide additional evidence for enhanced temperature sensitivity in the 3 1 3 late stocks. We found that power was significantly higher for late stocks only under 3 1 4 entrainment to TC 12:12 (F 2,6 = 5.83, p < 0.05; Fig. 3C ). Subsequently, we analysed the 3 1 5 accuracy of entrainment under all three regimes. We found that under short thermoperiod 3 1 6 there was no between-stock differences in accuracy of entrainment (F 2,6 = 1.24, p > 0.05; Fig.   3 1 7 3D-left). Under both, TC 12:12 and TC 18:06, there was a significant main effect of 3 1 8 selection such that the late chronotypes showed significantly increased accuracy of In summary, we found evidence for the evolution of temperature sensitivity in the 3 2 2 activity/rest rhythms in populations selected for divergent timing of adult emergence rhythm. Additionally, these results also suggest that most features of entrainment can be well 3 2 4 explained within the framework of the non-parametric model described above, which makes 3 2 5 use of predictions using the FRP and the PRC of the clock. Owing to the fact that selection for evening emergence contributed to enhanced phase 19 °C indicated higher evening activity in the late chronotypes ( Fig. 4A-left) . On the other 3 3 2 hand, profiles under 28 °C looked largely similar ( Fig. 4A-right) , except the slightly 3 3 3 increased morning activity in the late flies. To quantify this, we calculated the ratio of total 3 3 4 day-time activity to total night-time activity (day/night ratio, henceforth). We found that 3 3 5 there was a significant main effect of temperature-regime such that there was higher day-time activity under 19 °C as has earlier been shown (F 1,3 = 98.10, p < 0.05; Majercak et al., 1999) . However, using day/night ratio as a measure, we did not find a statistically significant effect 3 3 8 of selection × temperature-regime interaction (F 2,6 = 0.54, p > 0.05; Fig. 4B-left implying that all three stocks responded similarly to cool and warm ambient temperatures.
4 0
We then examined divergence in waveform across stocks and regimes by calculating SSD late stocks is almost twice as much as that in early and control stocks ( Fig. 4B-right) , the 3 4 4 ANOVA did not detect a main effect of selection, thereby implying that the stocks respond 3 4 5 similarly to change in ambient temperature (F 2,3 = 4.69, p = 0.059).
4 6
However, owing to the fact that the SSD difference between stocks was marginally non-3 4 7 significant and that there were trends of between stock differences we quantified total activity 3 4 8 in a morning window (ZT01-06) and an evening window (ZT06-11) for all three stocks under 3 4 9 19 and 28 °C. We found that although total morning activity was significantly higher for the 3 5 0 late stocks (F 2,6 = 17.65, p < 0.05), there was no selection × temperature-regime interaction 3 5 1 (F 2,6 = 1.33, p > 0.05; Fig. 4C-left) , thereby indicating the absence of a stock specific 3 5 2 response to temperature. However, in case of total activity in the evening, although there was 3 5 3 no statistically significant selection × temperature-regime interaction (F 2,6 = 2.56, p > 0.05), there is a clear trend of the late stocks suppressing activity more strongly under 28 °C relative 3 5 5 to the early and control stocks (Fig. 4C-right) . These results are suggestive, although not 3 5 6 strongly, of increased plasticity of the activity/rest waveform in the late chronotypes in While analysing features of the activity/rest rhythm under entrainment, one result that piqued 3 6 0 our curiosity was the absolute scale on which FRP varied post entrainment to different 3 6 1 thermoperiods (Fig. 2C-bottom We, then, examined the FRP of these stocks under DD at 19, 25 and 28 °C post entrainment 3 7 0 to LD 12:12 at these respective temperatures. We found that there was a statistically 3 7 1 significant main effect of selection such that the late stocks had significantly longer FRP than 3 7 2 the early stocks (F 2,6 = 189.70, p < 0.05; Fig. 5 ; Table 1 ). Also, there was a significant main 3 7 3 effect of temperature such that FRP lengthened with increase in temperature (F 2,6 = 50.00, p 3 7 4 < 0.05; Fig. 5 ; Table 1 ). Such overcompensation of FRP to changing temperatures in insects 3 7 5 is an already established phenomenon (see Saunders, 2002) . However, although there was no 3 7 6 statistically significant selection × temperature-regime interaction (F 2,6 = 1.10, p > 0.05), hand, the FRP of early stocks at 19 and 28 °C, although different from each other, do not 3 7 9 significantly differ from their value at 25 °C (Fig. 5 ). On the other hand, the late stocks responsiveness of the FRP to temperature in these stocks (Fig. 5) . Moreover, under 19 °C, the FRP of control stocks (Fig. 5) . The difference in FRP between early and control stocks only appear under 28 °C, whereas for the late stocks the difference is apparent at 25 °C itself, 3 8 5 again implying enhanced sensitivity of FRP (with reference to compensatory mechanisms) to 3 8 6 temperature in the late stocks (Fig. 5) . However, there is only weak statistical evidence in 3 8 7 favour of these ideas. In this study we were interested in examining features of entrained activity/rest behaviour of 3 9 0 early and late stocks under a variety of temperature cues in order to a) test responsiveness of 3 9 1 the circadian clocks regulating activity/rest rhythms of these stocks to temperature cues, b) 3 9 2 understand the mechanisms of entrainment that can account for such entrained behaviours, the circuit regulating emergence rhythms and activity/rest rhythms. individual's clock is capable of, when stimulus of a certain strength is provided at different 3 9 9 times of the internal cycle (Moore-Ede et al., 1982; Saunders, 2002) . Therefore, for instance, 4 0 0 if an individual's clock's PRC exhibits larger delay shifts than advance shifts, then said 4 0 1 individual will re-synchronise to a westward flight across multiple time-zones much faster 4 0 2 than an eastward flight. In the case of our early and late flies, since all stocks re-synchronise 4 0 3 quicker to 6-h phase advances (Fig. 1) compared to delays, we infer that the temperature 4 0 4 pulse PRC of our stocks have overall larger advance zones than delay zones. However, our 4 0 5 results demonstrated that late stocks re-synchronised significantly faster to 6-h phase delay 4 0 6 than early and control stocks (Fig. 1) , thereby implying that the late stocks have larger delay 4 0 7 zone than the other stocks. This would suggest the co-evolution of high amplitude stocks in response to selection for evening adult emergence. High amplitude PRCs also 4 1 0 imply increased phase variation (Pittendrigh and Daan, 1976) , higher amplitude and power of 4 1 1 rhythm (Brown et al., 2008; Nikhil, Vaze, et al., 2016; Vitaterna et al., 2006) and increased 4 1 2 accuracy of entrainment (Beersma et al., 1999) . In relation to the aforementioned predictions, we obtained curious results when we analysed thermophase. We found that while there was no between-stock difference in phases of 4 1 6 entrainment under short thermoperiod (Fig. 2C-top-left) , the late stocks showed significantly still conclude that the small between-stock differences in lability, which may be present 4 2 2 although not statistically detectable, could be due to between-stock differences in the PRCs. Phase-difference between the stocks, however, can be explained using the non-parametric 4 2 4 model of entrainment (Daan and Aschoff, 2001; Pittendrigh and Daan, 1976) . The model 4 2 5 posits that the difference between FRP and the period of the external environment is adjusted, evidence (Daan and Aschoff, 2001; Pittendrigh and Daan, 1976; Rémi et al., 2010; 4 3 0 Roenneberg et al., 2005; Sharma et al., 1998; Srivastava et al., 2019; Wright et al., 2005) .
3 1
This however is thought to occur under the assumption that the PRC is a fixed entity in all 4 3 2 these individuals. Therefore, if individuals have divergent PRCs they will not necessarily show such a relationship between FRP and entrained phase. We found that phases under 4 3 4 entrainment to TC 06:18 were not different between stocks, and neither were the FRP of 4 3 5 these stocks under constant conditions post entrainment to TC 06:18 (Fig. 2C) . In case of 4 3 6 entrainment to TC 12:12, phases of the late stocks were delayed and their FRP was also 4 3 7 longer under constant darkness post entrainment (Fig. 2C) . These two results are in To further garner support for divergent PRCs in our early and late stocks, we examined other 4 4 3
features of entrainment to TC cycles. We found evidence for increased amplitude expansion, evening bout of activity (see Fig. 2B ). This can be clearly seen when we examined phase of 4 4 8 evening peak of activity under all three TC cycles (Fig. 6) . Importantly, analyses of the 4 4 9 phase of evening peak of activity revealed that while the phase of early and control stocks do 4 5 0 not differ from each other, the late stocks are phase delayed significantly from both, early 4 5 1 and control stocks. This implies that plasticity in waveform in response to temperature 4 5 2 regimes is predominantly brought about by the response of late stocks, which is in agreement 4 5 3 with the idea of high amplitude temperature PRCs in these populations. Although experiments so far have indicated enhanced temperature sensitivity in the late 4 5 5 stocks, we do not find strong evidence for the same under different constant ambient 4 5 6 temperatures (Fig. 4) . Previous experiments from our laboratory have shown that there is no 4 5 7 significant difference in the photic PRCs between early and late stocks (Nikhil, Vaze, et al., We are very grateful to late Prof. Vijay Kumar Sharma (VKS) for providing us with the tools 5 1 2 that enabled us to carry out this research, and for a wonderful work environment that enabled 5 1 3 us to undertake this study. We thank Srishti Priya and Arijit Ghosh for help with experiments. We would also like to acknowledge financial support from Science and Biological Rhythms 14(4). Sage PublicationsSage CA: Thousand Oaks, CA: 320-329. Bonduriansky R and Day T (2009) Nongenetic Inheritance and Its Evolutionary Implications.
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